ABSTRACT. Much has been learned about the physics and chemistry of comets from the successful spacecraft encounters and intensive remote observing programs of Comets Halley and GiacobiniZinner. Instead of being the panacea for our comet curiosity, these tantalizing "snapshots" have raised new questions, and many fundamental problems remain unsolved. To reap fuller benefits, extensive modeling is necessary to characterize the physical structure and chemical properties of the coma and to infer the composition and structure of the nucleus.
Introduction
The third year after the successful missions to Comet Halley is a particularly good time to review the results that have been obtained, since this is the time when the data are becoming available to a larger group of scientific investigators. Our review of coma properties is based on Earth-based observations and in situ measurements, data analysis, and interpretation of the data. Ground-based, airborne, rocket-borne, and Earth satellite observations yield global averages of the coma, while spacecraft in situ measurements yield data on local, instantaneous conditions. Although we do not discuss data analysis, it should be remembered how important it is for obtaining meaningful results by clearly identifying and extracting signals from the noise. Interpretation of the data is always based on a model. We distinguish between two extreme types of models: restricted models and global models. In restricted models, interpretations are made in a limited context, with other evidence, observations, and measurements. Initial interpretations are usually done within the framework of a restricted model. In a global model, interpretations are made to be consistent with all other known information. For example, the physics and chemistry of the coma cannot be treated independently of each other, nor can the coma be treated completely independently of the properties of the nucleus surface or of the solar wind interaction. The more complete a global model is, the more sophisticated it must be. However, only processes viewed in the context of a global model will give a full understanding of the physics and chemistry of the coma.
In a comprehensive, global model, the physics and chemistry of the nucleus surface layer, the gas production, the dust entrainment, the dissociation and ionization of the coma gas, the radiation pressure on the dust and gas species, the solar wind interaction with the coma ions and with the coma neutrals through charge exchange and momentum exchange by elastic collisions, and the plasma and dust tail formation (to mention just a few important processes) are closely interwoven. There is little hope that a global model will ever be able to encompass all of these processes. Restricted global models are a natural consequence of this complexity.
A specific example of processes that have not been included in any global model is the very beautiful synthetic spectrum of the C2(0,0) Swan bands produced by Gredel et al. (1989) (see Fig. 1 ). After many decades of dedicated work by many researchers, including Krishna Swamy and O'Dell (1981) , the explanation based on restricted models (although they are global to some degree by taking into account the detailed solar flux, a density profile in the coma, detailed molecular calculations, etc.) is so good that a more comprehensive model will not improve them significantly. The reason is that other processes in the environment have very little influence on C2 emissions.
At the other extreme is perhaps the Haser model. It is used to determine the scale length of molecular species in the coma. In spite of its popularity and many improvements to the original model by including radiation pressure and asymmetric gas production (Haser, 1966) , its application has not significantly increased our knowledge of mother molecules. Table 1 illustrates the problem in an oversimplified way. Average values are presented of the scale length data of A' Hearn and Cowan (1980) , A'Hearn (1982) , Delsemme (1980, 1986) , Newburn and Spinrad (1984) , Bockelee-Morvan and Crovisier (1985) , Cochran (1985) , Schloerb et al. (1987) , Gammelgaard and Thomson (1988) , O'Dell et al. (1988) , and Wyckoff et al. (1988) . Production of a species depends on the dissociation scale length of a parent, while all processes are considered for the destruction of the daughter. Assuming an outflow speed of about 1 km/s, only the lifetime of CN under the conditions of a quiet Sun (VTQS = 2.5-10 5 km) agrees reasonably well with the scale length as determined from the Haser model (i?dest = 3.210 5 km). It is possible that some other species can be brought into better agreement once the cross sections from which the lifetimes are calculated are better known. For example, the lifetimes of C2 and NH 2 are based only on the dissociation cross section without predissociation. Predissociation could significantly shorten these lifetimes. On the other hand, the lifetime of CH is already too small, by about a factor of 50. Similar to the destruction scale lengths, none of the lifetimes seem to fit the production scale lengths. Specifically, it has been pointed out by Wyckoff et al. (1988) and Magee-Sauer et al. (1989) Heliocentric Wavelength A (A) Fig. 1 . The observed coma spectrum of the C2 (0,0) Swan band at a resolution of 0.2 A(solid line). The theoretical spectrum is shown by the dotted line. (Courtesy Gredel et al., 1989.) of NH2; however, the data have large uncertainties, and it is possible to find a reasonable fit (e.g., see Cochran and Cochran, 1990; Cochran, this volume; Tegler and Wyckoff, 1989) . It is possible that other species produce NH2 or that NH2 is produced by chemical reactions or distributed sources from organic dust in the coma. Most likely it is a combination of these processes. The complexity of determining scale lengths based on the Haser model was illustrated recently by Schleicher and Millis (1989) , who arrive at a scale length of NH that is 5 to 10 times larger than previously published values by Combi (1978) and Cucchiaro and Malaise (1982) . 1.1-10' 3.6-10' 2.7-10' 1.1-10 2 THCN = 7.9-10*, THC3N = 2.6-10* rc 2 H 2 = 3.7-10' TNH3 = 5.9-10 3 r C H 4 = 1-6-10 6 1 TQS is the lifetime for the quiet Sun. 2 TAS is the lifetime for the active Sun.
The Observed Physical Properties and Chemical Species in the Coma

PHYSICAL PROPERTIES
Many interesting features of Comet Halley were determined from the spacecraft encounters and ground-based and near-Earth observations. The gas production was seen to be asymmetric, arising from isolated active regions occupying only a small percentage of the total surface. This was confirmed by ground-based observations of gas "jets" of several species (A'Hearn et al., 1986; Cosmovici et al., 1988; Clairemidi et al., 1990 ) and the Halley Multicolour Camera images showing dust "jets" in the near-nucleus region that act as tracers of the gas dynamics. The bulk of the neutral gas readily isotropizes into a nearly spherical distribution that becomes distorted, at distances greater than a few hundred thousand kilometers from the nucleus, by radiation pressure. The spatial distribution of the ions beyond a few thousand kilometers from the nucleus is greatly influenced by the interaction with the solar wind as the ions are swept away from the Sun to form the plasma tail. Evidence for cometary ion pick-up by the solar wind was observed , as well as for many other plasma microprocesses (e.g., Galeev, 1987) . Hydrogen Lyman-a observations reflect the bimodel spherical distribution of suprathermal H at velocities of about 9 and 20 km/s (Keller, 1976) distorted by radiation pressure. The presence of suprathermal dissociation products of H2 has been inferred by models. The flow of the gas throughout most of the coma is supersonic in the range of 1 to 2 km/s, as confirmed by the neutral mass spectrometer (NMS) aboard Giotto. The ion velocity was observed to decrease dramatically from solar wind values of 300 to 400 km/s to 1 to 2 km/s as cometary ions mass-loaded the solar wind flow.
The production rates determined from ground-based observations and measured by the spacecraft were in good agreement at 6-10 29 to 7-10 29 molecules s _ 1 during the Giotto encounter. The number density of the neutrals followed very closely an inverse squared distance (R~2) relation from the nucleus (Gringauz et al., 1986; Krankowsky et al., 1986) . The total ion number density decreased with an i ? _ 1 dependence inside the contact surface and steepened to the R~2 relation outside (Balsiger et al., 1986) . Upper limits of the gas temperature of the neutrals were measured by the NMS and found to be consistent with theoretical calculations of the energy balance, with most of the cooling caused by a nearly adiabatic expansion of the gas in the inner coma and subsequent heating caused by photo processes. The electron temperature profile displays an enhancement before crossing the bow shock (foreshock), a region of fluctuation interior to the bow shock, and a general cooling towards the nucleus as inelastic collisions with water become more frequent (Reme et al., 1987) . The ion temperature profile displays a similar behavior ; however, an unexpected high-energy component of the ion distribution function was detected interior to the contact surface (R. .
The Giotto magnetometer recorded the crossing of several boundaries and regions during encounter. The data dramatically demonstrated the draping of the interplanetary magnetic field lines around the comet, which created the pile-up region. The concept of a magnetic field-free cavity interior to the contact surface is consistent with the measurements (Neubauer et al., 1986) .
Other boundaries and regions were identified. The Giotto spacecraft crossed the contact surface on the inbound phase of its encounter, penetrating the magnetic field-free cavity. Indirect evidence supports the existence of an inner shock that is so narrow that Giotto may have missed it because of its high speed (Cravens, 1989) . The bow shock was crossed by the Suisei and the VEGA 1 and 2 spacecraft, and a region of plasma turbulence, characterized by ion and electron number density and temperature fluctuations, was encountered interior to the bow shock. The cometopause, a previously unknown region of enhanced ion number density but depleted solar wind ions, was discovered to exist between the bow shock and contact surface (Gringauz et al., 1986) .
CHEMICAL SPECIES
All global models of the coma start with a source for the mother molecules of the observed or suspected species. Table 2 lists species that have been identified. Question marks in the table label those species whose identification by their electromagnetic spectrum is not fully verified. In addition, there are the metals Na, K, Ca, V, Mn, Cr, Fe, Co, Ni, and Cu that are clearly associated with the dust seen mostly in Sun-grazing comets. Mass spectrometer identifications are somewhat problematic because of the overlap of masses from different species. A peak in mass channel 16 can be caused by O, CH4, and NH2, with lesser contributions from some isotopes. Similarly, mass channel 28 contains CO, N2, and C2H4 as possible main constituents. There are similar problems with other mass channels. Although H2O is so abundant that most of it must come from the nucleus, it is not known what fraction of it and the other species come from spatially extended sources in the coma. Such sources are most likely associated with dust. Relative abundances of observed species have been published by Moroz et al. (1987) and others. Delsemme (this volume) lists the atomic abundances and chemical composition of the nucleus and the dust as deduced from observations and in situ data from P/Halley. He compares the mean abundances of the light elements in some bright comets with those in P/Halley. Independent, but more limited, compilations of such data have also been published by Encrenaz et al. (1988) and Geiss (1988) . For heliocentric distances r < 1.5 AU, the gas production rate for active and moderately active comets varies as 1/r 2 . For these comets, the specific gas production rate is Z = 10 17 to 10 18 molecules c m -2 s _ 1 at 1 AU, and the surface temperature is about 200 K. The gas-flow away from the surface is one-fourth of the speed of sound, which is about 3T0 4 cm/s. The resulting gas density is TIN = Z/v^ = 10 13 to 10 14 c m -3 . The mean free path for molecular collisions is A(R$) -l/(v2nN<r) ~ 10 cm at the nucleus, assuming a collisional cross section of a ~ 10~1 5 cm 2 . The gas density at a cometocentric distance R in the coma is
for R much less than the range of the gas species, i.e., ignoring photolysis. The internal energy that a molecule carries when it is evaporated at the nucleus is converted to translational energy. At a distance of R = 10 3 i?N, the velocity has increased to 3 to 4 times the value at the nucleus. The size of the collision-dominated inner coma can be defined as the volume inside of which the mean free path is less than the characteristic radius defining the volume, i.e., Rc = R(A = R). From the above values, R c = A c ~ 3 1 0 3 km, where A c is the value of A at R = R c . Since the inner coma is collision-dominated, coma models are usually based on hydrodynamic calculations. Some of these consider the nucleus-coma interface in detail (Crifo, 1987) , others consider gas and dust interaction (Marconi and Mendis, 1982; Korosmezey and Gombosi, 1990; Kitamura, 1986 Kitamura, , 1987 Komle and Ip 1987) , while still others consider the chemistry in greater detail (Allen et al. 1987; Huebner, 1985) , and finally there is a group that considers the coma-solar wind interaction (Mendis et al., 1984; Wegmann et al. 1987; Schmidt et al., 1988) . The outer coma is a dilute gas with a density so low that collisions are rare and fluid dynamics is not justified. This region will be discussed in Sect. 4.1.
Some coma models give good agreement with in situ spacecraft measurements. For example, coma outflow velocities of neutral gas were measured in P/Halley by the Giotto Neutral Mass Spectrometer (NMS) by Lammerzahl et al. (1987) (see Fig. 2 ). Beyond about 2000 km, these velocities show a monotonic increase out to about 40,000 km. At that distance, the velocity is 1.1 km/s and still rising. The models of Schmidt et al. (1988) and Combi (1989) indicate a velocity of about 1.2 km/s at that distance (see Figs. 3 and 4) . Final velocities approaching 1.6 km/s at distances beyond 10 5 km are given by Schmidt et al. (1988) . These authors also predict that monatomic species dominate over diatomic and polyatomic species beyond about 10 5 km (see Fig. 5 ).
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<" 1100 £ o 1000 o Lammerzahl et al., 1987.) 3.1.2. Chemistry. In Table 3 , we represent the chemical reactions for the inner coma. The reactions are listed in decreasing order of importance. For example, dissociation, especially of water, occurs everywhere in the coma, with the possible exception of the first hundred kilometers above the nucleus, where the coma is optically thick in the UV. Since the detection of sulfur species is relatively new, we present a reaction diagram for sulfur-bearing species based on CS2, the suspected mother molecule (see Fig. 6 ).
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The molecule S 2 was detected by A' Hearn et al. (1983) in the coma of Comet IRAS-ArakiAlcock. It has not been found in any other comet since then. Its presence in comets is poorly understood, and it contributes to coma chemistry only through its destruction. We have therefore not included it in Fig. 6 .
Just as dissociation products increase with distance from the nucleus, so do ionization products. In the inner coma, ions are never more abundant than a few percent. However, even there, ions play an important role, since they cannot cross the contact surface. Ions born inside the contact surface -primarily by photoionization and secondary photoelectron collisional ionization -i respond to the solar wind pressure from the outside, are slowed down, and increasingly recombine dissociatively with electrons. Since atomic ions can only recombine radiatively, by three-body recombination, or by dielectronic recombination (both of these cross sections are smaller than that of dissociative recombination of molecular ions), the ions tend to be deflected, together with a few molecular ions, into the tail. Outside the contact surface, ions are created by photoionization and charge exchange with the solar wind protons. Since these ions (primarily H 2 0 + ) are much heavier than the solar wind ions (mostly H+), they mass-load the solar wind and decelerate it. As the ions approach the contact surface from the outside, they are slowed down, pile up, and recombine or are deflected into the plasma tail, consisting primarily of ions that originate from outside the contact surface. Fig. 6 . Major sulfur reactions at a cometocentric distance of R =1500 km, assuming CS2 as the mother molecule. Symbols next to the arrows indicate the reactants; v indicates photodissociation or photoionization. (Courtesy Wegmann et al., 1987.) Ions are easily detected by mass spectrometers, and these ions play a dominant role in the chemistry through ion-neutral reactions. Figure 7 illustrates the creation and destruction of some of the most important ions. It should be noted that H 3 0 + , NH4", and CH20H+ cannot be created by photoionization of mother molecules in the nucleus; they are protonated species of H2O, NH3, and H2CO. Heavy arrows indicate the major production and destruction paths. Solid lines indicate paths of intermediate strength, with rate coefficients about a factor of ten lower than those of the major reactions. Dashed lines indicate reactions with a further reduction by a factor of ten. These reaction paths are typical for comets at a heliocentric distance of 1 AU and a cometocentric distance of approximately 1600 km in the coma. Figure 8 links many of these reactions and relates them to other species. The relative importance of these reactions changes with heliocentric and cometocentric distances (Huebner et al., 1982) . The reaction rates can be found in Schmidt et al. (1988) .
In Table 4 , we summarize the major ion species and some secondary ones as they might be detected in an ion mass spectrometer (IMS). All of the ions shown were included in the chemical reaction network of Schmidt et al. (1988) . We call particular attention to the mass channels 39, 45, and 47; these correspond to C3H3", HCS + and HCO2", and H 3 C S + and H N S + , respectively. These channels show local peaks in IMS instruments aboard Giotto. Figure 9 shows part of the spectrum of the Positive Ion Cluster Composition Analyser (PICCA). The cyclic ion of cyclopropenyl (M/q = 39 amu/e), corresponding to C3H3" in Table 4 , was identified by Korth et al. (1989) . They argue that cyclopropenyl (see Fig. 10 ) must be released by the dust as a distributed source in the coma. While we do not disagree with this scenario, we note alternatively that C3H3" can be created in sufficient quantities from a small amount (0.1%) of the potential mother molecule H2C3H2 (allene). Consideration of the radiative association reaction C s H + + H2 -• C3H3" (Herbst, 1987) , previously not included in our reaction network, could lower the required nucleus abundance of H2C3C0 even further. 
3.2, ASYMMETRIES
Jet-like dust features had been detected in many comets, but jet-like structures in the coma gas were first identified in P/Halley (Millis and Schleicher, 1986; A'Hearn et al., 1986; Cosmovici et al. 1988) . The origin of these structures is not fully understood. They do not appear to be correlated with the observed dust features. However, very small dust grains had been detected by in situ measurements in P/Halley in large abundances. It is possible that the gas structures are related to dust "jets" of organic (CHON) particles that are so small that they do not scatter sunlight, but are large enough that surface winds do not significantly accelerate them in a transverse direction. These CHON particles may disintegrate and release species that are the source of the observed "jets" of CN, C 2 , etc.
, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/S025292110001277X The nucleus is known to be irregular in shape and to have active, dustproducing areas that cover only 10% to 20% of its surface. There is no indication of any activity from the rest of the nucleus surface. Since the dust must be entrained by gas to be transported into the coma, it is evident that the dust-producing areas must also produce gas. The gas production from these active areas is high enough to explain the entire gas production of the comet (Keller et al., 1987) .
UV Optical Depth.
The coma is optically thin in the visible range of the spectrum, so solar radiation can freely penetrate to the nucleus, warming it and sublimating the icy component. However, in the UV range of the spectrum, molecular continuum cross sections for dissociation and ionization make the coma optically thick for active comets at heliocentric distances of less than about 1.5 AU (Huebner and Giguere, 1980) . For this reason, dissociation and ionization cannot occur near the surface of the nucleus. The gas must expand to about 100 km before radicals and ions are formed in sufficient quantities to initiate chemical reactions. At larger heliocentric distances, the gas production is sufficiently low t o decrease the attenuation of solar UV, so dissociation and ionization occur everywhere in the coma down to the nucleus.
Dust as an Extended Source of the Coma.
Closely associated with the dust are the extended sources of gas production in the coma. It was found that only about one-third of the CO is released directly from the nucleus. Two-thirds are released slowly over a distance of about 10 4 km from an extended source in the coma. This conclusion comes from the work of Eberhardt et al. (1987) . If the CO were released directly from the nucleus, then its density in the coma should decrease with the square of the inverse distance, assuming the velocity to be about constant. Thus, multiplying the density of the CO by R? should result in a constant value, when plotted as a function of R. As Fig. 11 shows, this is not the case close to the nucleus. Since the density is small at large distances, the signal-to-noise becomes large, causing the scatter in the data at large R. Satellite and sounding rocket observations are consistent with the assumed nucleus and extended coma sources (Feldman, this volume). It is suspected that the CO comes from the disintegration of the dust. Huebner and Boice (1989) have modeled the CO production, assuming that the CO is produced from polyoxymethylene (polymerized formaldehyde or POM) in the dust. The POM is slowly released over a distance of about 10 4 km, then dissociates into various POM fragments, with the final product being formaldehyde, which then rapidly dissociates to form CO. It also produces some CH2 and CH. This scenario is most attractive, because it not only forms CO in agreement with the observations (see Fig. 12a ), but also is the source of H2CO (see Fig. 12b and Krankowsky, this volume) and CH" ions that are difficult to explain if the CH 4 abundance is indeed as low as airborne observations indicate (Kawara et al., 1988) . It also has the advantage of explaining, at least in part, the ion mass spectra from the PICCA instrument (Mitchell et al., 1986) on Giotto and the Plasmag-1 analyzer on VEGA (Gringauz et al., 1986) . These instruments show spectra that are consistent with POM fragments up to a mass of 105 amu.
3.2.4. Radiation Pressure. Radiation pressure acts on each atomic and molecular species and dust particles differently, depending on their spectral properties in the visible spectrum. This pressure produces accelerations on the order of 1 to 200 times that of solar gravity on light atoms or on small dust particles. In general, the force due to radiation pressure is given by
where m is the mass of the particle, F" the photon flux from the Sun at frequency v, hvjc the momentum of a photon, a the cross section of the particle at frequency v, and r the heliocentric distance of the comet in AU. The cross section for an atom or molecule is
mc where / is the oscillator strength and L v is the spectral line shape. Clearly, molecules that have strong absorption lines, i.e., large oscillator strengths in the visible spectrum, accelerate the most.
The acceleration is often expressed in terms of the fluorescence rate or g-factor [F"cr(i/)].
For atomic hydrogen, the only important transition is the Lyman-a resonance transition at 1216 A. In that case, the acceleration is about 0.3cm/s 2 . With this acceleration acting over 10 6 s, the lifetime for photoionization and charge exchange of H at 1 AU, the velocity due to radiation pressure is about 3km/s, resulting in a tailward displacement of 1.5-10 6 km. These effects are particularly important for understanding the hydrogen Lyman-a emission. The H atoms liberated in the reaction H2O + ft;/ -> H + OH have an average excess energy of about 3.4 eV, or a velocity of about 25km/s, if all the energy is transformed into kinetic energy. However, in the dissociation process, the OH radical is left in excited states of rotation and vibration, as was shown by Crovisier (1989) . Since the photo rate coefficient for this process is about 10~5 s _ 1 for the quiet Sun at a heliocentric distance of 1 AU, some fraction of the H atoms are liberated inside the collisional sphere. However, only a small fraction of these are thermalized, because of the small mass of the hydrogen atoms relative to the average mass of the molecules making up the bulk Korth et al., 1989.) gas. Most of the H atoms are released outside of the collision-dominated zone. These appear as a population of fast H atoms. In the exosphere, H atoms are ionized both by solar photons and by charge exchange reactions with solar wind protons. The expansion velocity and the typical lifetime of 10 6 s explain why the hydrogen coma should be on the order of 10 7 km in size, as originally pointed out by Biermann (1968) . Different symbols refer to different detector gains. The increase observed for distances less than 20,000 km shows that a parent molecule or dust particles must be decaying into fragments contributing to the mass 28 amu/e signal. (Courtesy Eberhardt et al., 1987.) There is a separate population of H atoms released in the reaction OH + hv -• O + H, and these have an excess energy of about 1.3 eV, corresponding to an average velocity of 15km/s. Since much of the OH is produced outside the collisional radius and since its mean lifetime at 1 AU is 1.5-10 4 s (but varying with solar activity and with the heliocentric radial velocity of the radical; van Dishoeck and Dalgarno, 1984) , only a very small fraction of these atoms will be thermalized. Both populations of H atoms are influenced by radiation pressure.
Progressive Separation of Species Into a Multifluid
THERMAL EVOLUTION OF NEUTRAL SPECIES
Once a volume of gas has expanded and moved beyond the collision-dominated zone, free molecular flow applies. Models valid for this region have been developed by Festou (1981a Festou ( , 1981b , Kitamura et al. (1985) , and Smyth (1988a, 1988b ). Festou's model is usually referred to as the vectorial model, while the model of Combi and Smyth is a Monte Carlo calculation. All of these models assume a radial emission of molecules from the collision-dominated inner coma. Daly and Jockers (1989) consider expansion along Keplerian orbits over large distances. The model of Huebner and Ready (1984) and Huebner (1985) discusses a transition to free molecular flow in the molecular kinetics approximation. At this time, there is no model that assumes free molecular flow directly from the surface of the nucleus as should be expected for comets at large heliocentric distances; an aspect that will be important for the Comet Rendezvous Asteroid Flyby (CRAF) mission to Comet Kopff near aphelion. Free molecular flow may also be of importance on the night side of comets, especially if the surface wind from the day side is very weak. At large heliocentric distances, a region devoid of particles will develop in the coma, coincident with the light shadow. 
PRODUCTION AND ENERGETICS OF THE PLASMA
Inside the contact surface, photoionization, photodissociative ionization, and collisional ionization by energetic photoelectrons are the dominant ionization processes. Dissociative recombination is the major destruction mechanism of ions. Other recombination processes are not very important. Ions can, of course, exchange charge or undergo chemical reactions, but this does not change the degree of ionization. Removal of ions into the plasma tail is also not very efficient in this region.
Outside of the contact surface, photoionization is the most important ionization process, until charge exchange and electron collisional ionization with the solar wind protons and electrons begin to compete effectively in the outermost regions of the coma. Schmidt et al. (1988) have presented the major effects on the balance of mass, momentum, and energy on the plasma along the Sun-comet axis in their three-dimensional, MHD model (see Figure 10 in their paper). New cross sections for charge exchange and recombination have now been incorporated; however, ionization by hot electrons near the contact surface has not been taken into account but may be important (Cravens, 1989) .
Collective ionization by the Alfven critical velocity effect occurs when the relative kinetic energy of a neutral molecule colliding with the magnetized plasma is larger than its ionization potential, i.e., the velocity exceeds the critical velocity. Figure 13 (a) compares the velocity of the cometary plasma with the critical velocity required for anomalous ionization of various coma species. A certain fraction of the surplus energy of the initial ionization is imparted to the electrons, which, under favorable conditions, enables them to ionize additional molecules. This triggers an avalanche if the timescale r 10n for ionization is smaller than the travel time r trave i through the supercritical range AR. We will show that this condition cannot be satisfied in a comet, even with the most favorable assumptions; the electron receives the full kinetic energy of the relative motion of the new ion
and the electron, though moving with velocity v e , stays confined within a plasma element moving with velocity v p , so that 7t ra vei = R/v p , where AR is replaced by R. If pW is the probability for an electron, heated by the critical velocity effect, to ionize a neutral of species i with density rin before it leaves the supercritical range, then the Townsend ratio is
where cr^' is the electron collisional ionization cross section of species i, v e is the velocity of the electron, and v p is the plasma velocity. Figure 13 (b) illustrates the ratio given in Eq. (5) as a function of cometocentric distance assuming Eq. (4). Using model parameters and cross sections from Schmidt et al. (1988) with these overly optimistic assumptions, this ratio never comes close to 1. This result holds for comets in general. We observe that
where Q^ is the gas production of species i and v is the velocity of the neutrals. Eq. (5) For a crude estimate, we use the scaling law of cometary plasma flow, ( Schmidt and Wegmann, 1982) , where the total gas production Q > Q^\ and find 
where p sw and v sw are the mass density and the velocity of the solar wind, k pl is the average rate of photoionization, and m c is the mass of an average cometary ion. Since Q(''/Q remains approximately constant for a comet over a wide range of heliocentric distances, we see that, in this approximation, the Townsend ratio does not depend on the gas production rate nor on the distance from the Sun, but solely on the chemical composition and the ratio of solar wind flux to the solar UV flux. Figure 14 displays various quantities from the model calculations of Wegmann et al. (1987) as a function of cometocentric distance. The top left panel shows the log of the electron temperature. The electrons are cooled by collisions with H2O out to several thousand kilometers and therefore equilibrate to the same temperature as the coma gas. As the coma gas density decreases with increasing cometocentric distance, the electrons undergo fewer collisions and decouple from the coma gas. At this point, the electron temperature rises sharply. The second panel shows the velocity. The dashed curve is the velocity of the ions, which is dominated by the solar wind velocity at large distances. The third panel shows the electron density, which equals the sum of the densities of all the ions. The next twelve panels show the densities of various ion species. 
COMPARISON WITH OBSERVATIONS
Comparing model calculations with ion mass spectrometer results, we find that the water group ions are well-explained inside the contact surface by the models of Allen et al. (1987) and Wegmann et al. (1987) and outside the contact surface with solar wind interaction by Wegmann et al. (1987) . These models both assume H2O to be the dominant volatile molecule in the nucleus, with a few percent of NH3 and CH 4 . However, the abundances of the latter two molecules are about a factor of 10 higher than spectroscopic observations indicate. Somewhat better agreement with the IMS data is obtained if one assumes only a few tenths of one percent of NH3 and CII4 in the nucleus and contributions from a distributed source, probably from CHON particles, on the order of 1%.
The groups of ions clustered around 30 amu and 45 amu in the IMS data are not well-understood. Heavy molecules are needed to explain these two groups. However, there are only a few volatile species that seem like plausible sources for the heavy molecules: HCN, H2CO, NH2CH3, CII3OH, H2C3H2, II2COO, etc. Most heavy molecules are very likely refractory organic compounds that are associated with the CHON dust particles. These molecules are rich in NH n -and CH^-bearing compounds, making an abundance of several percent of NH3 and CH4 unnecessary.
Plasma Flow
We discuss plasma flow only insofar as it influences the chemistry and composition. The details of the physics of the plasma flow have been discussed by us recently (Schmidt et al., 1988) and will be discussed in another paper in this volume.
SOLAR WIND INTERACTION AND COUPLING BY COLLISIONS AND MAGNETIC FIELDS
Cometary neutral molecules stream approximately radially outward from the nucleus. Deviation from exact radial motion is caused by asymmetric outgassing of the nucleus, collisions with ions (the ion-neutral drag), and radiation pressure with increasing cometocentric distance. The neutral species are progressively more ionized by photoionization and by charge exchange with the solar wind. The solar wind velocity decreases as the solar wind picks up the heavier ions from the comet. At distances on the order of 10 B km, several experiments have found cometary ion speeds systematically lower than the local solar wind speed (B. Galeev et al., 1987; Fuselier et al., 1988; Formisano et al., 1990; Coates et al., 1990) . Figure 15 gives a possible explanation for this process. It shows the co-moving ion distributions in velocity space relative to the magnetic field and the solar wind. The solar wind ions fill shells centered around the solar wind velocity vector. The heavy ions are picked up by the solar wind and are first distributed into a ring beam. Before it is transformed into a solar wind concentric shell by pitch angle scattering, this ring beam is centered on a velocity vector that is the projection of the solar wind vector onto the plane perpendicular to the magnetic field. Consequently, these ions have a smaller bulk speed than solar wind ions, and, relative to the latter, they drift asymmetrically towards the Sun-comet axis along the magnetic field. The nearly symmetric solar wind velocity vectors and the asymmetric velocity vectors of the newborn cometary pickup ions are given in Fig.  16 at two locations, 3-10 5 km from the nucleus on opposing sides. Figure 17 shows the number flux and the mass flux crossing the plane perpendicular to the Sun-comet axis at two different scales for the MHD model. In the outermost region, both fluxes are still dominated by solar protons and show a nearly symmetric enhancement just inside the bow shock, which is strongly inclined so that the flow is diverted outward. The particle flux consequently exhibits a global depression, whereas the mass flux forms a plateau due to the contribution from cometary ions growing towards the nucleus. This separation of the diverted solar wind flux from the flux of heavy cometary ions, originating from the inner coma, will be further enhanced when the above-mentioned non-MHD drift of heavy ring beam ions towards the Sun-comet axis is taken into account.
In the inner region, the plasma is saturated with heavy cometary ions so that the two contour maps of particle and mass flux become indistinguishable (see Fig. 17 ). Both clearly exhibit an asymmetric enhancement of the cometary fluxes along the vertical, i.e., perpendicular to the magnetic field. The asymmetry in the plasma flow induced by the magnetic field also causes asymmetries in the chemical evolution along the flow, depending on the difference in azimuth between the local plane of a flowline and the local direction of the co-moving magnetic field, because the Lorentz force accelerates the plasma only perpendicular to the field. The azimuth of the field, measured at Giotto, changed very often and quite rapidly. Any spacecraft on the VEGA or Giotto trajectories passing through this flow will record a sudden increase in the average ion mass, similar to the boundary that has become known as the cometopause. The spacecraft data do not represent a single flow tube, but an average of many flow tubes. If we consider a reference frame in which the magnetic field is fixed in space, then Figure 18 illustrates the positions at which the spacecraft sampled the plasma. In Figure 18 (a), points representing the azimuthal orientation of the magnetic field have been entered as recorded by the Giotto spacecraft. These points represent 2.5-minute averages. From this presentation, it is clear that the spacecraft sampled the plasma in a broad variety of azimuthal positions, and all asymmetries in the flow due to magnetic effects will cause rapid fluctuations. In our global, stationary, MUD model, many of the measured quantities are nearly axisymmetric, but there exist large fluctuations in /?, the ratio of gas pressure to magnetic pressure, as shown in Figure 18 (b). This is an important consideration for the CRAF mission. If it is required to measure the physical and chemical development occurring in a flow tube, then a flow tube must be chosen in which the changes in the magnetic field orientations are a minimum. This will be the case in a trajectory very close to the Sun-comet axis. Figure 19 shows the ion energies as a function of time as measured by the JPA instrument on the Giotto spacecraft . The top panel shows the data in the ram direction, and the bottom panel, in the anti-ram direction. The panel in the middle presents data between the ram and anti-ram direction. On the incoming leg of the trajectory, the contact surface was crossed at about 4000 km, and closest approach was at 600 km (in the data gap, after the spacecraft was hit by a large dust particle). It is clear from the figure that the inner coma contains ions with energies up to 10 keV. This unexpected result is explained by the work of Eviatar et al. (1989) , which is presented in Fig. 20 . Neutral molecules with speeds of about 1 km/s move radially outward in the coma. Some of them are then ionized by charge exchange with the mass-loaded solar wind. The neutralized solar wind ions (heavy atoms and radicals) continue toward the inner coma, while at the same time, the new ions are picked up by the solar wind. The energetic neutrals penetrate the contact surface without any major perturbation by the ions or the piled-up magnetic field. Once these neutrals are inside the contact surface, they encounter an ever-increasing density of the coma gas, randomizing the directions of the fast hydrogen atoms through collisions without a significant loss of their energy and enhancing the probability of yet another charge exchange with coma ions that were produced by photoionization. Thus, the energetic neutrals are converted into the energetic ions that have been detected inside of the contact surface. The importance of this is twofold: not only are there energetic ions as measured by the JPA instrument, but there must also be energetic neutrals. These energetic particles can undergo hot chemical reactions. A number of these reactions from the work of Heyl et al. (1989) are indicated below, in Table 5 . 
DEDUCED PROPERTIES AND COMPOSITION OF THE NUCLEUS
Our understanding of comets has been dramatically enriched by the brief glimpses of Comet Ilalley obtained from spacecraft flybys lasting only hours total and only minutes in the inner coma close to the nucleus. During the several years since these encounters, our general concept of the nucleus has changed. Gas and dust jets observed in the coma bear out the asymmetric gas production from a much lower percentage of the surface than expected. The measured dust-to-gas mass ratio of approximately 2 in the coma (McDonnell et al., 1990) , when extrapolated back to the nucleus, strongly suggests that the nucleus is better described as a "snowy dirtbali" than as the "dirty snowball" originally proposed by Whipple (1950) . Theoretical calculations of the energy balance at the nucleus, assuming sublimation of volatiles is controlled by H 2 0 , are in good agreement with the observed gas production. The volatile composition is dominated by water (approximately 80%) and contains CO. Other ices are presumed to exist in smaller abundances. The dust consists of silicate particles, CHON particles, and a mixture of these two types. Observations are consistent with the notion that some coma gas species are released from refractory organic compounds contained in the dust. It is quite probable that distributed sources of many H-, C-, N-, and O-bearing coma species from the dust lessen the importance of such parent molecules as CH4, NH3, and possibly others in the nucleus. 
SUMMARY OF THE COMET ENVIRONMENT
The gas and dust production is asymmetric, arising from isolated active areas of the surface. The spatial distribution of the bulk neutral gas quickly becomes spherical, whereas the ions are greatly affected by the interaction with the solar wind beyond a few thousand kilometers. The pressure balance of outwardly streaming cometary gas and the opposing flow of the mass-loaded solar wind and magnetic field gives rise to the contact surface. An inner shock is expected to exist just interior to the contact surface as the supersonic expansion of the cometary ions is slowed, Fig. 18 . The path of the Giotto spacecraft in a frame of fixed magnetic field direction illustrates the sampling of the coma: (a) actual sampling points on the Giotto inbound path (courtesy F. Neubauer and K. H. Glassmeier), (b) /3 contours in a plane perpendicular to and centered on the Sun-comet axis with a total frame size of 2-10 6 km.
recombined, and, in part, diverted tailward. The contact surface also acts as a boundary between the area of magnetic field pile-up and the magnetic field-free cavity. Within the contact surface, a population of suprathermal protons exists. A bow shock forms sunward from the nucleus as the solar wind is slowed by the pick-up of heavier comet ions. Between the bow shock and the contact surface exists a region of plasma turbulence and instabilities, as well as a thin boundary of rapidly rising magnetic field, the magnetic pile-up region, and of rising ion density, the cometopause. At the largest cometary distance scales, the H Lyman-a coma was found to be consistent with II atom photodissociation products from the inner coma.
OUTSTANDING PROBLEMS AND DIRECTIONS FOR FUTURE WORK
The chemical composition of the nucleus has been inferred from the coma observations, but its exact makeup remains open to debate. Further analysis of the in situ measurements of the coma will suggest how intimately the gaseous species are related to the dust and what implications this has for the nature of the nucleus. Basic laboratory work on the gas-phase chemistry and the volatility of large organic molecules and oligomer products, both ionic and neutral, is needed to understand this connection between the gas and solid phase constituents of the coma. The distribution of the neutral species in the coma is described well by global models out to cometocentric distances of a few hundred thousand kilometers, where the effects of radiation pressure need to be considered in the global models. The effects of energetic protons on the chemistry in the inner coma need to be incorporated also. At large heliocentric distances, models of the free molecular flow of coma species YEAR 1 9 8 6 G I O T T O -J P A DAY 7 3 Fig. 19 . Counts e V _ 1 s _ 1 from the JPA instrument vs. distance from the nucleus (horizontal axis) and ion energy (vertical axis). The top panel shows the data in the ram direction, the bottom panel, in the anti-ram direction, and the central panel, between the ram and anti-ram direction. The count rate of energetic ions in the inner coma is very high. directly from the surface will become necessary to investigate the development of the coma as the comet approaches the Sun, as well as to investigate the formation of the contact surface, bow shock, and other important boundaries. The same models will be important for analyzing asymmetries in the post-perihelion passage of the comet at large heliocentric distances. A more complete description of the plasma processes in global models is needed, including detailed charge transfer chemistry, the Alfven critical velocity effect, suprathermal chemical reactions, and heat exchange by fast electrons. When longer time baselines of in situ measurements and a more complete spatial mapping of the cometary environment become available from the CRAF and Rosetta missions (and for the premission planning of such projects), it will be important to generalize the current global models to a time-dependent formulation and to three dimensions to further our knowledge of cometary science. Eviatar et al., 1989.) 
